Summary
The X&l Chinese hamster ovary cell line is impaired in DNA double-strand break repair (DSBR) and in ability to support V(D)J recombination of transiently introduced substrates. We now show that XR-1 cells support recombination-activating gene 1-and 2-mediated initiation of V(D)J recombination within a chromosomally integrated substrate, but are highly impaired in ability to complete the process by forming coding and recognition sequence joins. On this basis, we isolated a human cDNA sequence, termed XRCC4, whose expression confers normal V(D)J recombination ability and significant restoration of DSBR activity to XR-1, clearly demonstrating that this gene product is involved in both processes. The XRCC4 gene maps to the previously identified locus on human chromosome 5, is deleted in XR-1 cells, and encodes a ubiquitously expressed product unrelated to any described protein.
Introduction lmmunoglobulin
and T cell antigen receptor variable region genes are assembled from germline variable (V), diversity (D), and joining (J) gene segments during early lymphoid development by the site-specific V(D)J recombination process (for reviews see Alt et al., 1992; Gellert and McBlane, 1995; Lansford et al., 1995) . V(D)J recombination is targeted by conserved recognition sequences (RSs) that flank all germline gene segments. Precise scissions are made at the coding/FE borders, giving rise to blunt RS ends and covalently sealed (hairpin) coding ends (Roth et al., 1992a (Roth et al., , 1992b Schlissel et al., 1993; Zhu and Roth, 1995; van Gent et al., 1995) . While blunt RS ends are precisely ligated, coding ends are further modified in a process that involves hairpin opening followed by deletion or addition of nucleotides (or both) before ligation. Potential additions include P elements (Lafaille et al., 1989) which are inverted repeats of a few nucleotides that arise from hairpin opening, and N regions (Alt and Baltimore, 1982) added by terminal deoxynucleotidyl transferase (Komori et al., 1993; Gilfillan et al., 1993) .
Simultaneous expression of the recombination-activating genes 1 and 2 (RAG7 and RAGE) generates V(D)J recombination activity in all tested mammalian cell types (Oettinger et al., 1990) . RAG gene products are expressed only in immature B and T cells (Schatz et al., 1989; Oettinger et al., 1990) where they effect initial steps of V(D)J recombination including RS recognition and specific cleavage (Mombaerts et al., 1992; Shinkai et al., 1992; van Gent et al., 1995) . Subsequent reaction steps employ more generally expressed activities, including some involved in general DNAdouble-strand break repair (DSBR), as first suggested from the pleiotropic phenotype of mice homozygous for the severe combined immunodeficiency (SC@ mutation (Scid mice; for review see Bosma and Carroil, 1991) . Scid mice have both V(D)J recombination defects and a general sensitivity to ionizing radiation (Fulop and Phillips, 1990; Biedermann et al., 1991; Hendrickson et al., 1991) .
V(D)J recombination and DSBR were directly linked by studies of radiosensitive Chinese hamster cell lines (for review see Taccioli and Alt, 1995) . Somatic cell hybrid studies divided such lines into at least eight X-ray crosscomplementation (XRCC) groups (Jones et al., 1988; Jeggo et al., 1991) . Groups XRCC4, XRCC5, and XRCC7 (represented by the XR-1, xrs-6, and V3 cell lines, respectively), have specific defects in DSBR (Giaccia et al., 1985; Jeggo and Kemp, 1983; Whitmore et al., 1989; Blunt et al., 1995) . Upon introduction of RAG1 and RAG2 expression constructs, these lines had a profound inability to rearrange extrachromosomal V(D)J recombination substrates (Taccioli et al., 1993 (Taccioli et al., , 1994a . All three lines appeared to be capable of initiating V(D)J recombination by generating breaks between coding and RS sequences (Taccioli et al., 1993 (Taccioli et al., , 1994a . However, xrs6 and XR-1 cells were defective in ability to form coding and RS joins (Taccioli et al., 1993) , whereas V3 cells, like murine Scid cells, were preferentially impaired in ability to form coding as opposed to RS joins (Taccioli et al., 1994a; Pergola et al., 1993) . Somatic cell hybrid analyses confirmed that V3 and Scid fell into the same genetic complementation group (Taccioli et al., 1994a) .
The genes affected by the xrs-6 and VBlscid mutations encode components of the DNA-dependent protein kinase (DNA-PK) complex (for review see Taccioli and Alt, 1995) . DNA-PK is a serinelthreonine kinase comprised of the DNA end-binding subunits Ku70 and Ku80 and a 460 kDa catalytic subunit (DNA-PK,,) that phosphorylates a number of in vitro targets including transcription factors and ~53 (for review see Anderson, 1993) . DNA-P&, activity is dependent on its association with DNA-bound Ku (Gottlieb and Jackson, 1993) . Xrs-6cells lack Ku DNA-binding activity Chu, 1994a, 1994b; Getts and Stamato, 1994; Taccioli et al., 1994b ) and, as a result, DNA-PK activity (Finnie et al., 1995) . Furthermore, thexrsSdefects were complemented by expression of a human Ku80 cDNA construct (Taccioli et al., 1994b; Smider et al., 1994; Boubnov et al., 1995) , and the human Ku80 gene was mapped to the region of the XRCCS locus on chromosome 2 (Jeggo et al., 1992; Cai et al., 1994) . These findings identified Ku80 as the XRCCS gene and led to the suggestion that other DNA-PK components might be defective in other DSBR complementation groups (Taccioli et al., 1994b) . Correspondingly, ScidN3 cells were found to be defective in expression of the DNA-P&,, and their DSBRl V(D)J defects could be complemented by expression of the human DNA-PKs gene (Blunt et al., 1995; Kirchgessner et al., 1995; Peterson et al., 1995) . Based on these and other findings, the DNA-PK,, gene, which maps to human chromosome 8 and to the murine scid locus on chromosome 16 (Kirchgessner et al. 1995; Miller et al., 1995) , wasdefinedastheXRCC7gene.Todate, mutations of the Ku70 gene (on human chromosome 22; Cai et al., 1994) have not been observed.
The nature of the DSBRN(D)J recombination defect in XR-1 has remained elusive. XR-1 has a unique cell cycledependent radiosensitivity, being extremely sensitive in Gl and early S but regaining resistance in late S (Stamato et al., 1983 (Stamato et al., ,1988 Giacciaet al., 1985) . While theXR-1 and xrs-6 V(D)J recombination defects are similar, measured DNAend-binding (Getts and Stamato, 1994; Rathmell and Chu, 1994b) and DNA-PK activities (Blunt et al., 1995) were normal in XR-1; expression of human Ku80 or DNAPk, did not correct the XR-1 defect (Taccioli et al., 1994b; Blunt et al., 1995) . In this regard, DNA from human chromosome 5ql3-14 has been shown to c,omplement the XR-1 DSBRN(D)J recombination defects, and the responsible gene has been named XRCC4 (Giaccia et al., 1990; Taccioli et al., 1993; Otevrel and Stamato, 1995) . To elucidate the XR-1 defect further and to identify the XRCC4 gene, we first characterized the ability of XR-1 cells to support inversional V(D)J recombination within a chromosomal substrate. Based on the severe impairment of this process, we then isolated the human XRCC4 cDNA clone through an approach that involved complementation of the XR-1 V(D)J recombination defect.
Results

V(D)J Recombination of Integrated Substrates in XR-1
To assess V(D)J recombination potential of integrated substrates, we stably transfected XR-1 cells and their wildtype counterpart 4364 cells with the G12 retroviral vectorbased inversion recombination substrate (Yancopoulos et al., 1990a ; Figure 1A ). The VK and JK gene segments in G12 are oriented for inversional V(D)J recombination; normally, this process results in generation of both coding and RS joins and the inversion of the intervening xanthineguanine phosphoribosyl transferase gene (gpt). Inversion of the gpt gene allows its functional expression from the 5'long terminal repeat (LTR) promoter, which then confers mycophenolic acid (MPA) resistance to the cell. The G12 construct also contains a constitutive neomycin phospho- 1 and lo-20 copies, respectively, of the G12 construct and, as controls, two G12-containing 4364 cell lines (WTl and WT4) that had integrated fewer than 10 copies of G12. These four cell lines were then cotransfected with pSV2-His, pRSVLTR-RAG1 , and pRSVLTR-RAG2 to provide V(D)J recombination activity (see Experimental Procedures). All histidinolresistant (HR) colonies analyzed (referred to as RAG transfectants) contained multiple copies of both RAG constructs, whose expression was confirmed by Northern blot analysis (data not shown).
The rearrangement status of G12 was assessed in RAG transfectants by assaying BamHI-EcoRI-digested genomic DNA for hybridization to a neo probe; under these conditions, unrearranged constructs yield a 3.3 kb fragment and VKJK~ and VKJK~ construct rearrangements yield 2.0 and 1.7 kb fragments, respectively ( Figure 1A ). RAG transfectantsfrom wild-type linesgenerallydisplayed readily detectable levels of VKJK construct rearrangements (Figure 1 B) , although one (WT4-H*2) had lower levels (see below). RS joins in these lines were precise, as expected in wild-type cells (data not shown). In contrast, none of the 49 RAG-transfected XR-1 lines examined showed evidence of normal G12 rearrangements, but many contained aberrant substrate alterations (examples shown in Figure 1C ). In fact, similar to WT transfectants, many XR-1 RAG transfectants had lost all or much of their unrearranged, neo-hybridizing 3.3 kb construct fragment (e.g., XGA-HR4, and XGC-HR1). Together, these findings indicate that G12 constructs in RAG-transfected XR-1 cells undergo G12 rearrangements at a substantial rate, but that these rearrangements usually are aberrant, with many involving large deletions.
Nucleotide
Sequences of the G12 Rearrangements in XR-1 Cells To elucidate the nature of frequently occurring XR-1 rearrangements further, we rescued G12 constructs from the genomic DNA of RAG transfectants (without selection for rearrangements) and expanded individual plasmid clones in bacteria for subsequent analysis. All recovered constructs necessarily contained the neo gene, as the rescuing procedure involved selection of the bacteria for growth in neomycin (Figure 2A ). Although all recovered constructs lacked the internal gpt-containing DNA fragment that is normally inverted, most retained either the clones and were further transfected with RAG. Individual transfectant (W) was analyzed as described above. DNA content in each lane was normalized by rehybridization to a mouse IV-myc probe. Cell sources for the rescued constructs are noted to the left of each diagrammed construct. XGC2 is another G12containing XR-1 transfectant, like XGA and XGC. In each depicted construct, spacebetweentwoendscorrespondstothedeletedpartofG12,Nucleotides indicated in this space represent insertions.
In the construct rescued from the l-is pool of XGCZ. a rectangle with diagonal stripes indicates a stretch of inserted sequence derived from the RAG1 3' noncoding region that is part of the pRSVLTR-RAG1 construct.
Nucleotide sequences of the joins are available upon request. (6) Nucleotide sequences of G12 constructs rescued from MPAselected cells. GL stands for germline sequences.
P stands for P elements. Underlined nucleotides could be contributed by either joining partner and indicate that the joining was possibly mediated by the homology stretch of these nucleotides between the two joining partners. RS joins were sequenced with NCB'VK primer. Bold letters indicate the heptamer and the nonamer of RS (asterisk indicates that the nonamer of the VK RS is not shown). Italics indicates the Sall site, which immediately proceeds the 5' region of the gpt gene. The numbers of base pairs deleted from the Jkl RS end are noted in constructs 6 and 7. Coding joins were sequenced by Nc3'J~l primer. Construct 5 was derived from HR/MPAR XGC2 cells, while the remaining constructs were from WlMPAk XGA cells. The nucleotides TACTA between the P elements in construct 7 was a nontemplated insertion.
in constructs rescued from two independent cell sources (XGC2-HR22 and XGA-HR POOL) and may have been promoted by a 3 bp homology (GTG) at the joined ends. Such short homologies (2-5 nt) occurred in 50% of the recovered joins (nucleotide sequences not shown). Insertions also were observed: one represented a 4 bp P element and two others were nontemplated, with one involving insertion of a segment of the pRSVLTR-RAG1 construct. In conclusion, all rescued G12 rearrangements from XR-1 transfectants involved deletion of the portion of the construct between the VK and JK gene segments that would normally be inverted.
To determine whether inversional rearrangements of G12 occurred at low frequency, we selected pools of XR-1 RAG transfectants for MPA resistance. In two separate experiments, MPA selection of lo6 pooled RAG transfectants for growth in MPA yielded less than ten surviving colonies. Hence, the frequency of MPA-resistant cells was 1 O-5 or lower. In contrast, a large percentage of wild-type RAG transfectantswere MPA resistant (e.g., 30% for WT4-HR4), consistent with the degree of rearrangement shown by Southern blot analysis (see Figure 1 B ). Even the wildtype transfectant (WT4-HR2) that showed little rearrangement by Southern blot analysis yielded MPA-resistant progeny at a frequency of approximately 2 x lo-*. Taken together, these results suggest that the frequency of functional G12 inversion in XR-1 RAG transfectants is at least 1000-fold lower than that of wild-type RAG transfectants.
To analyze low frequency inversional rearrangements in XR-1, we rescued G12 constructs from MPA-resistant cells. All rescued rearranged constructs harbored inversions of thegptgene that were achieved by recombination between VK and JK~ coding segments and between the corresponding RS sequences (Figure 28 ). The RS joins were unusual in that both partners bore deletions (most of which were small with a few being as large as 68 bp) and each join occurred within a3-4 nt stretch of homology. For example, rearrangements 3 and 5 had different coding joins but had identical RS joins in which each RS had the smallest possible deletion that permitted a homologymediated join. The coding joins appeared grossly normal, with roughly normal sized deletions from JK~ and no deletions from the VK ends. P elements, of 4-6 nt, were present at all VK coding ends and at several JK~ ends.
Complementation of XR-1 Cells by a Human cDNA Library
We have previously shown that the V(D)J recombination defect in XR-1 cells can be complemented by introduction of human chromosome 5 (Taccioli et al., 1993) . Thus, the very low frequency of G12 inversion in XR-1 suggested the feasibility of cloning a complementing human cDNA sequence by using G12 inversion and the resulting MPA resistance for selection. For this purpose, we first generated from XGC a subclone (CR6) that contained multiple copies of pRSVLTR-RAG1
and expressed RAG1 transcripts at high levels. Subsequently, CR6 was transfected simultaneously with human cDNA sequences, pRSVLTR-RAG2, and pPGK-Puro (for selection of the secondary transfectants). The transfected cDNA sequences had been cloned into a shuttle vector that allows both mammalian expression as well as propagation in bacteria. Before transfection, plasmid DNA from approximately 3 x lo5 cDNA clones was linearized at a unique Sfil site outside the expression cassette and then concatemerized to maximize uptake and facilitate subsequent rescue (see below). The purpose of transfecting RAG1 and RAG2 separately was to prevent rearrangement of the substrate before in- Approximately 200 MPA-resistant colonies were obtained from 1.6 x 1 O6 expanded secondary transfectants; of 23 further analyzed by polymerase chain reaction (PCR) for cDNA integration patterns, 5 were found to be independent. To identify those that, indeed, had been complemented, we assayed the 5 selected transfectants for ability to rearrange a transientlytransfected V(D)J recombination substrate (pJH200), which allows assessment of the frequencyandfidelityof RSjoins(Hesseetal., 1987) . Consistent with previous observations (Taccioli et al., 1993 ) the parental CR6 mutant exhibited profound deficiencies in RS join formation (Table 1 ). In contrast, three of the MPAresistant lines (designated PAl.17, PA1 ,111, and PA1 ,119) displayed a substantial increase in frequency as well as fidelity of RS join formation (Table 1) . Therefore, these three lines appeared to have been complemented by the integration of human cDNA(s).
Identification
of the Complementing Human cDNA Clone To isolate the human cDNA clone(s) responsible for XR-1 complementation, we digested genomic DNA from PA1.17, PA1 ,111, and PA1 ,119 cells with Sfil, recircularized the DNA at a low DNA concentration, and transformed it into host bacteria to rescue individual sequences. By this method, we obtained 11-14 independent cDNA plasmids from each cell line, of which approximately 50% contained inserts in the correct transcriptional orientation to be expressed from the vector promoter.
We individually transfected 13 distinct cDNA clones with correctly oriented inserts into CR6 or XR-1 for transient recombination assays that used pJH200 as a substrate. One of these cDNA clones, designated ~734, reproducibly restored both the normal rate and fidelity of V(D)J recombination to CR6 and XR-1 (Table 1 ; data not shown). Notably, the ~734 sequence was recovered from both PA1 ,111 and PA1 .17 and also was integrated into the PA1 ,119 genome (data not shown). Another manifestation of the XR-1 mutation is the severe impairment in coding join formation, as seen in transient recombination assays employing the pJH290 coding join substrate (Taccioli et al., 1993) . When XR-1 cells were transfected with ~734 in such assays, they displayed a normal V(D)J recombination frequency (Table  1) . DNA sequencing analyses further revealed that the coding joins formed in c734-transfected XR-1 cells were normal (data not shown). As controls, we used the transient V(D)J recombination assay to test the ability of a different rescued cDNA (c1931) to complement XR-1 cells, as well as the ability of the ~734 sequence to complement xrs-6 and V3 cells. In none of these experiments were the RS or coding join defects complemented (Table 1) . Furthermore, ~734 did not enhance the V(D)J recombination rate of pJH200 in wild-type CHO cells (Table 1) .
To confirm that ~734 expression could also confer to XR-1 the ability to rearrange normally an integrated V(D)J recombination substrate, we stably transfected CR6 with the c734cDNAclone, pPGK-Puro, and pRSVLTR-RAG2. All of six independent transfectants assayed showed readily detectable levels of normal inversional rearrangements by Southern blotting (see Figure 1 D) . These results indicate that the stable expression of ~734 increased the frequency of G 12 inversion in XR-1 transfectants by at least several orders of magnitude. Together, our results indicate that the expression of the ~734 clone has a specific complementing effect on the V(D)J recombination defect of XR-1.
Correction of the X-Ray Sensitivity and DSBR Defects in XR-1 Cells A common gene has been suggested to complement both the DNA repair and V(D)J recombination defects of the XR-1 cell line. Therefore, we examined whether the ability of ~734 to correct the XR-1 V(D)J recombination defect was accompanied by a restoration of radioresistance in XR-1 cells. Two ~734 transfectants (CR6.734.2 and CR6.734.4 from Figure 1 D) and two mock transfectants (CR6.mock.l and CRG.mock.2) were subjected to X-irradiation survival tests. Since XR-1 cells show their X-ray sensitivity only in Gl and early S (Stamato et al., 1983 ) Gl phase cells were collected for the tests (see Experimental Procedures). The c734-transfected XR-1 cells, but not the mock transfectants, showed a significant correction of their radiosensitivity defect ( Figure 3A) . To confirm that the enhanced survival of ~734 transfectants was due to restored DSBR, we also performed pulsed field gel electrophoresis-based DNA repair assays on these cell lines(see Experimental Procedures). These analyses demonstrated that ~734 transfectants had regained DSBR ability to levels that were more than 90% that of wild type ( Figure 3B ).
Sequence of the ~734 cDNA Clone
The insert of the ~734 cDNA clone is approximately 1.6 kb (data not shown; GenBank accession number U40622). The sequence contains a single long open reading frame, initiating from a characteristic ATG (Kozak, 1987 ) that could encode a protein (termed Hu-XRCC4) of 334 amino acids with a molecular mass of 38 kDa (Figure 4) . We used the ~734 human cDNA clone to isolate a corresponding full-length murine cDNA clone. The mouse cDNA sequence also contains a single open reading frame that translates into a polypeptide of 326 amino acids (termed M-XRCC4), two residues shorter at the C-terminal end and six residues shorter at other dispersed positions than Hu-XRCC4 (Figure 4) . The putative Hu-and M-XRCC4 proteins share 75% identity and 84% similarity and show no significant homology to any previously described proteins. Hu-and M-XRCC4 proteins are predicted to be highly hydrophilic. Residues 270-275 (RKRRQR, shadowed) of Hu-XRCC4 and the correspondingly conserved residues 264-269 (RKRRHR)of M-XRCC4 may constitute a nuclear localization signal. There are a number of potential phosphorylation sites throughout the protein including a potential DNA-PK target site (S53; Anderson, 1993) . There is also a notable cluster of conserved amino acids that are potential target sites for cytosolic protein tyrosine kinases (Y229) and casein kinases (S232, T233, and S237) (Songyang et al., 1995; Z. Songyang and L. C. Cantley, personal communication).
Nature of the XR-1 Mutation and Localization of the Hu-XRCC4 Gene To investigate potential alterations of the hamster XRCC4 gene in XR-1 cells, we used the ~734 insert to probe XR-1 and parental DNA in Southern blot analysis. We readily detected cross-hybridizing hamster sequences in 4364 (wild type) and xrs6 cells ( Figure 5) XR-1 line (as revealed by both EcoRl and Hindlll digestion), indicating that both alleles of Ha-XRCC4 are absent in XR-1.
The XRCC4 locus was mapped to human chromosome 5q13-14 (Otevrel and Stamato, 1995) . To determine whether the putative Hu-XRCC4 sequence isolated by our complementation approach derives from this locus, the ~734 sequence was used to probe Southern blotted Taqldigested DNA from a human-CHO hybrid cell line that In a human-CHO hybrid that contained all human chromosome 5 sequences except for the 5qll.2-13.3 region, no hybridization to human-derived restriction fragments was observed ( Figure 6) . Therefore, the Hu-XRCC4 gene maps to human chromosome 5qll.2-13.3.
Expression of the XRCC4 Gene
We employed Northern blot analyses to assay total RNA from various tissues and cell lines for hybridization to a A%XRCC4 probe (Figure 7) . We detected an approximately 1.8 kbXRCC4hybridizing transcript in RNA from all mouse tissues examined, with the highest level in thymus ( Figure  7A ). We also detected this transcript in a panel of fibroblast, mature B, and A-MuLV-transformed pre-B cell lines, including those derived from Scid mice (Figure 76 ). (Alt et al., 1981 (Alt et al., , 1982 Malynn et al., 1995) ; 6312, A-MuLV transformed pre-Bcell line from aRAGP-'+mouse (Shinkai et al., 1992 ); Ml2 and WEHl231, mature B cell lines (Glimcher et al., 1982; Yancopoulos et al., 1990b) ; PBOOl (i.e., MPCll). a mouse myoloma cell line (Yancopoulos et al., 1990b) .
Discussion
XRCC4 Is a Novel Factor Involved in DSBH and V(D)J Recombination XRCC4 is the third identified gene whose product is involved in both V(D)J recombination and DSBR; those previously identified encode components of DNA-PK including Ku80 (XRCCS) and DNA-PK,, (XRCC7) (reviewed by Taccioli and Alt, 1995) . All of these genes are potential targets for mutations that lead to human autosomal Scid phenotypes, as indicated by the requirement for their normal products in V(D)J recombination and the impairment of the DNA-PK,, gene in murine Scid. The nature of the mutations that alter Ku80 expression in xrs6 or DNA-PK,, expression in V3 or Scid has not been reported. However, we show that the XRCC4 mutation in XR-1 involves complete deletion of the gene. In this context, the human XRCC4 gene maps to 5q13, a region that contains novel repetitive sequences and is marked by frequent deletions, duplications, and gene conversions (Selig et al., 1995) . Deletion of XRCC4 in XR-1 also indicates that lack of expression of this gene is not cell lethal, at least in cultured somatic cells. Expression of the XRCC4 gene in XR-1 cells fully reconstituted V(D)J recombination but only partially restored radioresistance. A similar phenomenon was observed with human DNA-PK,,-transfected V3 cells. This phenomenon suggests that both XRCC4 and DNA-PK, have nonredundant functions between V(D)J recombination and DSBR. The differential restoration of these activities further suggests that either the complementing human proteins were not expressed normally in the CHO mutants or that they may not effectively interact with certain hamster components. In the latter context, human Ku80 expression only partially restored V(D)J or DSBR defects of xrs-6 (Taccioli et al., 1994b; Smider et al., 1994) , but expression of the hamster Ku80 gene led to essentially complete restoration (P. Jeggo, personal communication).
It is also possible that XR-1 could be defective in an additional gene product specifically involved in radioresistance.
XRCC4 and Ku80 are required for joining both coding and RS ends during V(D)J recombination, while DNA-PKs expression is required preferentially for joining coding versus RS ends. As loss of Ku activity also results in loss of DNA-PK activity, it is possible that Ku may serve a dual role in V(D)J recombination, for example, providing end protection of both RS and coding joins and recruiting DNA-PK,, for coding end-specific events (Blunt et al., 1995) . It is intriguing that XRCC4 has a potential DNA-PK phosphorylation motif, raising the possibility that it might be directly regulated by this enzyme. However, any potential relationship between XRCC4 and DNA-PK components, either downstream or upstream, must account for the observation that XRCC4 expression does not correct the xrs-6 or V3 defects and that expression of DNA-PK components does not correct the XR-1 defect (Taccioli et al., 1994b; Blunt et al., 1995) ; in addition, XRCC4 transcripts are readily detectable in Scid fibroblast and precursor B cell lines.
Implications
of the XRCC4 Mutation for Cell Cycle Dependence of DSBR TheXffCC4 gene shows the same generalized expression pattern as DNA-PK components, consistent with its involvement in general DNA DSBR. However, XR-1 cells show a unique cell cycle dependence in their radiosensitivity defect; they are sensitive in Gl and early S phases, but become nearly as resistant as wild-type cells in late S phase (Stamato et al., 1983 (Stamato et al., , 1988 Giaccia et al., 1985) . This biphasic sensitivity phenomenon was hypothesized to result either from differential regulation of XRCC4 during the sensitive versus resistant cell cycle phases or from the existence of an XRCC4-independent DSBR pathway that operates during S phase (for review see Jeggo, 1990) . As the XRCC4 gene is deleted in XR-1, the resistance of this line to X-irradiation in late S phase supports the existence of XRCC4-dependent and XRCC4-independent DSBR pathways (both of which may employ DNA-PK components). The biphasic nature of XR-1 radiosensitivity during the cell cycle has been compared to that of haploid yeast cells, which probably repair DNA double-strand breaks during S phase by homologous recombination (Giaccia et al., 1990) . The XRCC4-independent repair pathway may also involve such a mechanism, although we cannot exclude other possibilities. For example, S phase DSBR may not require XRCC4 due to an inherently different chromosomal configuration caused by active DNA replication. Finally, several lines of evidence suggest that V(D)J recombination occurs during the GO/G1 phase of the cell cycle (Schlissel et al., 1993; Lin and Desiderio, 1994) , in accord with the notion that theXRCC4-dependent DSBR pathway may be the predominant one employed to repair DNA double-strand breaks generated during V(D)J recombination.
of the XRCC4 Mutation for V(D)J Recombination Previous studies with extrachromosomal substrates demonstrated that both RS and coding join formation was affected in XR-1 cells (Taccioli et al., 1993; Pergola et al., 1993) . Here, we demonstrate that RAGl-and RAGP mediated initiation of V(D)J recombination events within chromosomally integrated substrates occurred at a relatively high frequency in XR-1 cells. The retention of intact coding or RS ends in many such rescued joins shows that V(D)J recombination was initiated correctly in XR-1. Thus, the lack of the XRCC4 protein in XR-1 cells does not markedly interfere with the initiation rate of V(D)J recombination, but rather only affects ability to join liberated coding and RS ends. The frequent occurrence of hybrid joins (and attempted hybrid joins) instead of inversions in XR-1 cells is similar to what has been observed in Scid cells (Hendrickson et al, 1990) . Scid cells do perform inversions of chromosomal V(D)J segments at low frequency, and these inversions display normal RS joins with coding joins that range from relatively normal to highly deleted (Blackwell et al., 1989; Hendrickson et al., 1990; Ferrier et al., 1990) . In contrast, the low frequency inversional rearrangements in XR-1 had apparently normal coding joins with imprecise RS joins, whose formation seems to have been mediated by short homology stretches. While homologies are frequently used to mediate normal coding joins (Gu et al., 1990; Gerstein and Lieber, 1993) , they normally are not employed in RS join formation. Homology-mediated joining is also a feature of DNA double-strand end joining during nonhomologous recombination in both prokaryotic and eukaryotic cells (for review see Roth and Wilson, 1988) . Thus, it seems likely that recovered RS joins in XR-1 cells have been formed by a pathway different from that normally involved in V(D)J recombination and one also not predominantly used in Scid cells. It is possible that such a homology-mediated RS end-joining pathway is present normally, but that it has not been observed because of its low frequency relative to the standard pathway.
Potential Functions of XRCC4 All putative roles for XRCC4 must account for its requirement for both RS and coding join formation during V(D)J recombination as well as its function in DSBR. As XRCC4 is unrelated to any previously reported protein, its sequence gives no clear clues as to its function. Like Ku80, XRCC4 might be involved in DNA end protection or in regulating expression of end-protecting elements. To date, XR-1 cells have not been found to have readily detectable end-binding defects (Getts and Stamato, 1994; Rathmell and Chu, 1994b) . Moreover, intact RS and coding join ends were frequently observed in rescued substrates, suggesting that they were protected from degradation. It also is possible that XRCC4containsor regulates an enzymatic activity involved in modification or ligation of DNA ends. Thus, even though XR-1 cell extracts were shown to ligate plasmid DNA ends (Stamato and Hu, 1987) , the possibility of particular ligase defects remains. In this context, ligation activities that do not correspond to the known human DNA ligases have been revealed in DNA double-strand end-joining reactions (Derbyshire et al., 1994; Fairman et al., 1992) . Yet another possibility is that XRCC4 participates in DNA anchorage, perhaps in aligning free DNA ends for joining (Malyapa et al., 1994; Lewis et al., 1988) . The higher incidence of hybrid join formation than coding or RS join formation is consistent with such a defect in XR-1 cells.
Experimental Procedures
Cell Culture and Transfections XR-1, its wild-type counterpart 4364, xrs-6, CHO-Kl , and V3 cell lines were maintained in Dulbecco's modified Eagle medium supplemented with 10% FCS. 0.1 mM MEM nonessential amino acids (GIBCO BRL) and penicillin (100 U/ml)/streptomycin (100 uglml) at 37°C in a humidified atmosphere with 5% CO*. Transfections were done by a standard calcium phosphate precipitation method, as described by Promega (Protocols and Applications Guide, Second Edition). Stable transfectlons usually employed IO-20 ug of DNA, which included 1 ug of a vector encoding a drug resistance marker used to select transfectants. When cells were transfected with a human cDNA library (see below), glycerol shock was performed at 6 hr after addition of DNA-CaPO, mix (Promega, Protocols and Applications Guide, Second Edition). At 16-24 hr after transfection, the cells were placed in fresh medium; after an additional 24 hr, cells were split 15 or 1:lO and selected for growth in medium containing the appropiate drug. For transfection of the G12 vector (Yancopoulos et al., 1990a) , transfectants were selected in 2 mglml Geneticin (GIBCO BRL). For transfection with pSV2-His (Hartman and Mulligan, 1988) cells were selected in 8 mM L-histidinol (Sigma). For transfection with pPGK-Puro (provided by P. Laird), transfected cells were selected in 20 uglml of puromycin (Sigma). Selection for gpt+ cells was carried out in 20 pg/ml mycophenolic acid and 70 ug/ml xanthine (Sigma).
Southern
and Northern Gel Transfer Hybridization Southern and Northern blotting were performed as previously described (Sambrook et al., 1989) . The DNA and RNA filters were hybridized with random-primed 32P-labeled probes (Boehringer Mannheim). The neo probe was the 650 bp Pstl fragment from pKJ1 (Tybulewicz et al., 1991) . The 1.7 Kb BamHI-Notl fragment of the ~734 cDNA clone was used for detecting the human and hamster XRCC4 genes. For detecting the hamster XRCC4 gene, hybridizations were done at 37OC instead of 42%, and the filters were washed at 45°C in 2 x SSC, 0.1% SDS. DNA content of individual lanes was normalized by rehybridization of filters with a mouse N-myc cDNA probe (Zimmerman et al., 1986 For this purpose, we PCR-amplified genomic DNA from such transfectants with T7 and Sp6 primers, which flank the cDNA insert in the vector (Invitrogen); 35 cycles of amplification were performed with 100 ng of genomic DNA, 10 mM of each dNTP, 50 ng of each primer, 1 U of Taq polymerase, in a volume of 50 pi (Perkrn Elmer). Denaturation was at 94°C for 1 min, annealing at 55% for 2 min and extension at 72OC for 3 min. The pattern of bands displayed by agarose gel fractionation of individual reaction products was used to distinguish independent transfectants. Such PCR patterns indicated the transfectants usually have integrated at least lo-20 distinct cDNA clones.
To recover cDNA plasmids integrated into the genome of complemented cells, we first digested approximately 2 ug of genomic DNA with Sfil. The digested products were then recircularized essentially in the same way as we did for G12 rescue (see above). The ligated DNA was ethanol precipitated, resuspended in 9 ul of H20, a third of which was used to transform E. coli host MC10611P3. For each transformation, PCR was performed for 50 randomly picked colonies with T7 and Sp6 primers, and the PCR products were digested with Haelll (or Alul) and fractionated on 2% agarose gels. Minipreps were prepared from the bacterial transformants harboring plasmids with inserts that displayed unique Haelll (or Alul) pattern. These minipreps were subjected to DNA sequencing analysis with a T7 primer. Unique plasmids with inserts in correct transcriptional orientation for the CMV promoter were assayed for ability to complement XR-I via a transient V(D)J recombination assay. Following identification of the human XRCC4 cDNA by this procedure, its insert was used as a probe to screen a mouse thymic cDNA library &ZAP Strategene) at low hybridization stringency, allowing identification of the murine XRCC4 cDNA clones.
Transient
V(D)J Recombination Assays These assays were performed with the pJH200 and pJH290 constructs (Hesse et al., 1987) as described by Taccioli et al. (1993) . When cDNAs recovered from the cDNA library transfectants were introduced, 5 ug of each cDNA was included in the transfection procedure.
X-Irradiation Survival and DSBR Assays X-ray survival tests and DNA DSBR assays were performed as prevrously described (Stamato et al., 1983; Giaccia et al., 1990 
